Two well-known pathways for the degradation of chloroplast proteins are via autophagy and senescence-associated vacuoles. Here, we describe a third pathway that was activated by senescence-and abiotic stress-induced expression of Arabidopsis thaliana CV (for chloroplast vesiculation). After targeting to the chloroplast, CV destabilized the chloroplast, inducing the formation of vesicles. CV-containing vesicles carrying stromal proteins, envelope membrane proteins, and thylakoid membrane proteins were released from the chloroplasts and mobilized to the vacuole for proteolysis. Overexpression of CV caused chloroplast degradation and premature leaf senescence, whereas silencing CV delayed chloroplast turnover and senescence induced by abiotic stress. Transgenic CV-silenced plants displayed enhanced tolerance to drought, salinity, and oxidative stress. Immunoprecipitation and bimolecular fluorescence complementation assays demonstrated that CV interacted with photosystem II subunit PsbO1 in vivo through a C-terminal domain that is highly conserved in the plant kingdom. Collectively, our work indicated that CV plays a crucial role in stress-induced chloroplast disruption and mediates a third pathway for chloroplast degradation. From a biotechnological perspective, silencing of CV offers a suitable strategy for the generation of transgenic crops with increased tolerance to abiotic stress.
INTRODUCTION
Environmental stresses such as high salinity, extreme temperatures, and drought are responsible for major losses in yield of major crops worldwide (Mittler and Blumwald, 2010) . Plants often use an escape strategy to cope with stress, which is characterized by early flowering and leaf senescence (Levitt, 1972; Ludlow, 1989; Mittler and Blumwald, 2010) . During leaf senescence, an early event is the degradation of the chloroplasts, which possess up to 70% of total leaf proteins (Lim et al., 2007; . The mobile nitrogen resulting from chloroplast disassembly is recycled and supplied to the sink organs, flowers, and seeds (Liu et al., 2008) . However, stress-induced chloroplast degradation and premature senescence can affect plant photosynthetic capacity and eventually compromise the crop yield.
Although the inhibition of photosynthetic activity and the degradation of the photosynthetic apparatus are primary targets of abiotic stresses (Rivero et al., 2007) , the mechanisms of stress-induced chloroplast degradation remain largely unknown. As an indispensable step of chloroplast degradation, chlorophyll breakdown has been investigated in detail in Arabidopsis thaliana (Hörtensteiner, 2009) . Five chlorophyll catabolic enzymes that convert green chlorophyll to colorless nonfluorescent chlorophyll catabolites, which are finally degraded in the vacuole, have been identified (Hörtensteiner, 2006 (Hörtensteiner, , 2009 Sakuraba et al., 2012) . Recently, SGR, which encodes the nonenzyme protein SGR (for stay-green), has been shown to be a key factor in chlorophyll degradation (Jiang et al., 2007; Park et al., 2007; Ren et al., 2007) . In Arabidopsis, the SGR protein (NYE1) was able to destabilize the light-harvesting complex II (LHCII) and recruited the five chlorophyll catabolic enzymes to the thylakoids of senescing chloroplast to promote chlorophyll degradation. After chlorophyll degradation, the chlorophyll binding proteins are more susceptible to digestion by chloroplast proteases (Park et al., 2007; Ren et al., 2007; Hörtensteiner, 2009; Sakuraba et al., 2012) .
Two pathways have been demonstrated for the degradation of chloroplast stromal proteins: autophagy Wada et al., 2009; Izumi et al., 2010) and senescence-associated vacuoles (SAVs) (Otegui et al., 2005; Martínez et al., 2008a; Carrión et al., 2013) . Autophagy is a well-known system for the bulk degradation of intracellular proteins and organelles (Ohsumi, 2001; Bassham, 2009 ). In plants, autophagy has been shown to function in senescence, defense against pathogens, and response to abiotic stress (Bassham, 2009; Reumann et al., 2010; Liu and Bassham, 2012) . The chloroplast Rubisco protein and stroma-targeted fluorescent proteins were shown to move to the vacuole via autophagic bodies named Rubisco-containing bodies (RCBs). Dark-induced chloroplast degradation and RCB formation were impaired in autophagy-defective mutants Wada et al., 2009) . Even whole chloroplasts have been shown to be transported to the vacuole through the autophagy-dependent process in individually darkened leaves Wada et al., 2009) . Interestingly, RCB-mediated chloroplast degradation was highly activated by carbon rather than nitrogen shortage (Izumi et al., 2010; Izumi and Ishida, 2011) . This observation might be partially explained by studies showing that autophagy also participates in chloroplast starch degradation by engulfing small starch granule-like structures from chloroplasts and transporting them to the vacuole for subsequent degradation .
Senescing leaf cells accumulate an abundance of small SAVs with acidic lumens, and these SAVs can be stained by Lyso-Tracker Red. SAVs have intense proteolytic activity and contain the senescence-associated protease SAG12 (Otegui et al., 2005; Martínez et al., 2008b) . Previous studies demonstrated that SAVs contain the chloroplast stromal proteins Rubisco and glutamine synthetase but not the thylakoid proteins D1 and LHCII (Martínez et al., 2008a) . Protease inhibitor treatments substantially inhibited Rubisco degradation in detached leaves and completely blocked Rubisco degradation in isolated SAVs (Carrión et al., 2013) , suggesting that SAVs are a lytic compartment for degradation rather than a shuttle compartment for carrying chloroplast proteins to the central vacuole (Martínez et al., 2008b) .
In spite of the increasing information regarding processes associated with the degradation of chloroplast stroma proteins, the pathway(s) by which thylakoid membrane proteins are released from the chloroplast and transported to the vacuole for degradation remain poorly understood. Here, we identified a nucleus-encoded gene, CV (for chloroplast vesiculation), that targets and destabilizes chloroplasts for protein degradation and induces the formation of vesicles containing thylakoid proteins. The CV-containing vesicles (CCVs) are released from the chloroplasts and mobilized to the vacuole for degradation through a pathway that is independent of autophagy and SAVs.
RESULTS

CV Expression Was Activated by Abiotic Stress and Senescence but Suppressed by Cytokinin
During abiotic stress, the breakdown of the plant photosynthetic machinery is a major factor in the reduction of CO 2 assimilation by stressed plants (Tambussi et al., 2000) . It has been shown previously that the cytokinin-dependent inhibition of droughtinduced senescence resulted in sustained photosynthetic activity during the stress episode and that it enhanced tolerance to water deficit (Rivero et al., 2007 (Rivero et al., , 2009 (Rivero et al., , 2010 . The expression of isopentenyl synthase (IPT), encoding a key enzyme in cytokinin synthesis, under the control of a maturation-and stress-induced promoter (pSARK) leads to the protection of the photosynthetic apparatus and enhanced chloroplast stability (Rivero et al., 2010; Reguera et al., 2013) . Using DNA microarrays, we analyzed RNA expression patterns in wild-type and transgenic pSARK-IPT rice (Oryza sativa) plants during water deficit (Peleg et al., 2011; Reguera et al., 2013) . The expression of one gene encoding a chloroplast protein with unknown function (LOC_Os05g49940) was activated by stress in the wild-type plants but not in the transgenic pSARK-IPT plants (Peleg et al., 2011) .
The Arabidopsis genome contains At2g25625, a gene homolog to LOC_Os05g49940, whose function remains to be characterized. The public microarray database (Winter et al., 2007) indicated that although At2g25625 expression was barely detectable in young tissues, its expression was greatly induced by abiotic stress and senescence during extensive chloroplast degradation (Hörtensteiner, 2006; Martínez et al., 2008b) . Therefore, we surmised that the gene could play a role(s) in chloroplast destabilization.
The gene in Arabidopsis (At2G25625) was cloned and named CV due to the subcellular localization of the encoded protein and its functions as revealed in this study. As indicated by quantitative RT-PCR assays ( Figures 1A and 1B) , CV expression was activated by senescence and abiotic stresses such as salt stress and methyl viologen (MV)-induced oxidative stress. CV expression was significantly downregulated by a 3-h treatment with cytokinin ( Figure 1C ), a phytohormone that delays senescence (Gan and Amasino, 1995) . To study the tissue-specific expression of CV, we cloned its native promoter, a 2-kb region upstream of the start codon, and used it to drive the reporter gene b-glucuronidase (GUS). The GUS staining assays of transgenic ProCV-GUS plants suggested that CV was expressed strongly in senescent and mature leaves but not in young leaves of 40-dold plants ( Figure 1D ). In leaves from 21-d-old seedlings, CV expression was barely detectable, but its expression was substantially enhanced by salt stress treatment ( Figure 1E ).
CV Targets Chloroplasts and Induces Vesicle Formation in Chloroplasts
CV is predicted to contain a chloroplast transit signal peptide at the N terminus using the ChloroP 1.1 server (http://www.cbs. dtu.dk/services/ChloroP/). In order to assess CV subcellular localization, we fused the enhanced green fluorescent protein (GFP) to the C terminus of CV. The fusion gene CV-GFP was transiently expressed in cotyledons of Arabidopsis plants constitutively expressing stroma-targeted DsRed (CT-DsRed) . Confocal microscopy observations indicated that CV-GFP became localized in chloroplasts and was concentrated in some vesicle-like spots (Figure 2A ). The CCVs also aggregated outside of the chloroplast in some unknown compartments that included the stroma-targeted DsRed but not chlorophyll (Supplemental Figure 1A) . Interestingly, CV-GFP localized in both the cytosol and chloroplasts in epidermal cells (Supplemental Figure 1B) . Expression of GFP alone resulted in a green fluorescence signal not associated with chloroplasts ( Figure 2B ). In addition, the movement of CCVs departing from chloroplasts was captured by time-lapse observation via confocal microscopy (Supplemental Figure 1C) .
The chloroplast localization of CV was further assessed by immunolabeling using antibodies raised against GFP ( Figures  2C to 2E ). The immunolabeled gold particles were mostly associated with thylakoids or envelope membranes rather than stroma before the formation of vesicles ( Figure 2C ). The membrane association of CV can be explained by its predicted transmembrane domain (http://aramemnon.botanik.uni-koeln. de/) (Supplemental Figure 2) . In some CV-labeled chloroplasts, the envelope membrane lost integrity (Supplemental Figure 3A) and thylakoid membranes appeared swelled and unstacked ( Figures 2D and 2E ). CCVs were observed attached to the envelope membrane of disassembled chloroplasts ( Figure 2E ; Supplemental Figure 3A ) or protruding from the unstacked thylakoid membranes ( Figure 2D ). Immunodetection of GFP in cotyledon mesophyll cells of DEX-CV-GFP transgenic plants showed that 87% of the gold particles were localized in chloroplasts and CCVs (Supplemental Figures 3A and 3D ). In addition, we analyzed leaf sections from transgenic DEX-CV-HA plants (DEX-3) (Supplemental Figure 4) for the double immunolabeling with anti-HA and anti-PsbO1 antibodies. The results showed that the CCVs that are close to, but not associated with, broken chloroplasts also could be labeled by antibodies raised against PsbO1, a subunit of the photosystem II (PSII) complex localized in the thylakoid membrane (Supplemental Figure 4B ). Moreover, CCVs also contained Tic20-II, a protein from chloroplast inner envelope membranes (Machettira et al., 2011) (Supplemental Figure 5B ). These results suggested that CCVs were generated from chloroplast membranes that were disrupted by CV. These vesicles and disrupted chloroplast structures were not seen in cotyledons from wild-type seedlings (Supplemental Figures 3B and 3C ).
CCVs Were Mobilized to the Vacuole through a Pathway Independent of Autophagy and SAVs
The role of autophagy in the mobilization of Rubisco and other stromal proteins to the vacuole is well established (Ohsumi, 2001; Bassham, 2009; Wada et al., 2009) . During autophagy, cytosolic components and intact or partially broken organelles are engulfed in membrane-bound vesicles called autophagosomes that deliver the vesicle contents to the vacuole for degradation. We transiently expressed the CV-RFP fusion in cotyledons from transgenic plants expressing the autophagic marker GFP-ATG8a (Thompson et al., 2005) . The red fluorescence of CV-RFP did not overlap with the green fluorescence of GFP-ATG8a (Supplemental Figure 6A ). Moreover, when CV-GFP was expressed in autophagy-defective atg5-1 mutants , CCVs were observed both inside and outside of the chloroplasts (Supplemental Figure 6B ), further suggesting that the formation and trafficking of CCVs were independent of autophagy.
During senescence, the formation of small acidic SAVs aids in the degradation of chloroplast proteins. SAVs are formed through a pathway that is independent of autophagy (Otegui et al., 2005; Martínez et al., 2008a; Carrión et al., 2013) . To rule out a possible relationship between CCVs and SAVs, we attempted staining cotyledons from plants expressing CV-GFP with LysoTracker Red, a fluorescent dye that stains acidic lytic vesicles including SAVs (Otegui et al., 2005) . The lack of CCV staining by LysoTracker Red (Supplemental Figure 7A ) indicated that CCV's milieu differed from that of SAVs. In addition, the transient coexpression of SAG12-RFP along with CV-GFP in cotyledon cells showed that the SAV marker SAG12-RFP did not colocalize with CV-GFP (Supplemental Figure 7B ).
A dexamethasone (DEX)-induced promoter was used to express CV-GFP (DEX-CV-GFP) in transgenic plants. Stably transformed plants were treated with DEX, and GFP fluorescence was monitored. Six hours after DEX treatment, CV-GFP was seen decorating mesophyll cell chloroplasts and stromules (stroma-filled tubules) (Hanson and Sattarzadeh, 2008 , and references therein) extending from the chloroplasts ( Figure 3B ). Eighteen hours following DEX treatment, the CCVs moved out from the chloroplast along with the stroma-targeted CT-DsRed ( Figure 3C ). These observations were consistent with the CV transient expression results (Supplemental Figure 1A) . Similar results were observed in DEX-induced expression of CV-GFP in true leaf cells (Supplemental Figure 1D ) and in cotyledon ( Figure 3C ) and hypocotyl ( Figure 3E ) cells; CCVs also could carry CT-DsRed out of chloroplasts and aggregate in cytosols of mesophyll cells of true leaves.
To exclude the possibility that CCVs were produced at the endoplasmic reticulum, DEX-CV-GFP transgenic plants were treated with DEX for 17 h and with concanamycin A, an inhibitor of intracellular vesicle trafficking (Dettmer et al., 2006) , for an additional 1 h. The CCVs appeared to adhere to the chloroplasts after treatment ( Figure 3D ), suggesting that concanamycin A treatment inhibited the release of CCVs from chloroplasts.
To assess whether CCVs were eventually transported to the vacuole, the CV-GFP was transiently expressed in stable reporter lines containing Rab2a-RFP, a prevacuolar compartment rab5 GTPase Rha1 (Foresti et al., 2010) , and VAMP711-RFP, a tonoplast R-SNARE (Uemura et al., 2004) . Localization results showed that CV-GFP overlapped with RabF2a-RFP and VAMP711-RFP in hypocotyls cells (Figures 3E and 3F) 3 d after transient expression, supporting the mobilization of CCVs to the central vacuole.
CV Overexpression Led to Chloroplast Degradation
Attempts to overexpress CV under the control of the CaMV35S constitutive promoter were not successful, suggesting that the high CV expression was lethal. Alternatively, we used a chemically inducible expression system to drive the expression of CV-HA. Phenotypic analysis of three independent stable lines, DEX-1, DEX-2, and DEX-3 ( Figure 4A ), showed that DEXinduced CV expression resulted in leaf chlorosis and overall growth retardation ( Figure 4B ). Following DEX treatment, leaf chlorophyll content decreased as compared with untreated transgenic and wild-type plants ( Figure 4C ). Immunoblot analyses in DEX-treated plants revealed degradation of the photosystem I (PSI) complex subunit PsaB, PSII subunits (11 and D1), and stromal protein glutamine synthase 2 (GS2). The levels of cytosolic sucrose phosphate synthase (SPS) remained unchanged upon DEX treatment ( Figure 4D ), whereas the abundance of cytosolic glutamine synthase 1 (GS1) increased, consistent with a previous study showing the upregulation of GS1 expression during senescence (Bernhard and Matile, 1994) . Oxidative stress, induced by the exposure of the plants to 0.3 mM MV, enhanced stress-induced chloroplast degradation in transgenic plants expressing CV ( Figures 4B and 4C ). Overexpression of CV-GFP also induced the accelerated senescence phenotype in the presence of 50 mM NaCl (Supplemental Figure  8) . These results indicated that the overexpression of CV lead to premature senescence and chloroplast degradation. 
CV Silencing Caused Delayed Chloroplast Degradation
An artificial microRNA targeting CV (amiR-CV) was designed using WMD3 (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) (Schwab et al., 2006) , and its expression was driven by the CaMV35S promoter. Three independent transgenic lines (amiR-CV1-3) were selected, and CV silencing was examined by quantitative RT-PCR ( Figure 5A ). CV-silenced plants had no apparent developmental defects, and their natural senescence was also indistinguishable from that of wild-type plants (Supplemental Figure 9A ). However, when 20-d-old seedlings of wild-type and amiR-CV plants were treated with increasing NaCl concentrations ( Figure 5C ), the wild-type plants displayed severe leaf senescence symptoms, while the amiR-CV plants remained green ( Figure 5B ). Chlorophyll content decreased in wild-type cassette leaves during the treatment, whereas salt stress-induced leaf senescence was delayed in CV-silenced plants ( Figure 5C ). The degradation of PSI subunits (PsaB), PSII subunits (D1, PsbO1, and Lhcb2), and stroma protein GS2 were evident in wild-type plants after 10 d of salt treatment ( Figure   5D ). In amiR-CV plants, the abundance of the above-mentioned chloroplast proteins decreased only slightly after 16 d of salt treatments ( Figure 5D ). These results demonstrated that silencing CV inhibited the salt stress-induced degradation of chloroplast proteins. In addition, the chloroplast degradation caused by MV-induced oxidative stress (Supplemental Figures  9B and 9C ) was also delayed in amiR-CV lines. Moreover, their survival rates increased significantly after a 14-d drought treatment (Supplemental Figure 10) . These results indicated that silencing CV increased chloroplast stability and prevented abiotic stress-induced senescence.
The C-Terminal Domain of CV Is Important for Chloroplast Destabilization and the Formation of CCVs
A search for sequences similar to CV in the public genome databases showed the presence of CV homologs in all plant species sequenced so far (Supplemental Figure 2) . These genes encode a unique highly conserved domain at the C terminus of the respective proteins ( Figure 6A; Supplemental Figure 2 ). Without the conserved C-terminal domain, CVDC-GFP was still localized at the chloroplasts but barely produced vesicles, as indicated in the bottom row of Figure 6B . Moreover, the DEXinduced expression of CVDC-GFP produced some leaf senescence ( Figure 6C ) and partial chloroplast degradation ( Figure  6D) . Nonetheless, the destabilizing functions of CVDC-GFP were substantially impaired as compared with the plants expressing the full-length CV-GFP ( Figures 6C and 6D) , indicating a key role of the conserved C-terminal domain of CV in chloroplast destabilization and the formation of CCVs.
CV Interacts with PSII Subunit PsbO in Vivo
To elucidate the mechanism(s) by which CV disrupts chloroplasts, we identified potential CV-interacting proteins using coimmunoprecipitation (co-IP) and subsequent identification of interactors by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Smaczniak et al., 2012) . Antibodies raised against HA were conjugated to magnetic beads, and these beads were used to immunoprecipitate CV-HA and its interacting proteins from total protein extracts obtained from DEX-treated transgenic plants expressing DEX-CV-HA (DEX-3 line). Protein extracts from wild-type Columbia-0 (Col-0) plants were used as a control to detect proteins that bind nonspecifically to the anti-HA beads. Most of the immunoprecipitated proteins were chloroplast proteins, including PSII complex subunits, NAD(P)H dehydrogenase subunits, thylakoid membrane-bound proteases, and a few stromal proteins (Supplemental Table 1 ). The similarity between the peptide abundances of PSII subunits 1, PsbO2, and the bait protein CV (Supplemental Table 1 ) and their localization and functions indicates an interaction between CV and PsbO proteins. In order to confirm this interaction, we used bimolecular fluorescence complementation (BiFC). The transient expression of both fusion genes CV-SCFP C and PsbO1-Venus N in cotyledons of wild-type seedlings resulted in BiFC fluorescence that was seen not only in the chloroplasts but also in the CCVs (Figure 7A ). By contrast, the coexpression of CV-SCFP C and SGR1-Venus N failed to produce green fluorescence signals in three independent tests ( Figure 7C) . These results indicated a direct interaction between CV and PsbO1 in vivo. Interestingly, coexpression of the Nterminal fusion SCFP C -PsbO1 and Venus N -CV also induced fluorescence, but it was not associated with chloroplasts ( Figure  7D ). This suggests that the N-terminal fusion did not affect the interaction between CV and PsbO1 but misdirected proteins to locations (perhaps cytosol) other than the chloroplast because of the disruption of the N-terminal chloroplast transit signal peptide of CV and PsbO1.
We also constructed another mutation, CVDC, by deleting the conserved C-terminal domain of CV. No fluorescence was detected between CVDC-SCFP C and PsbO1-Venus N ( Figure 7B ). These results indicated that the conserved C-terminal domain was required for the interaction between CV and PsbO1.
This was further confirmed by the co-IP results showing that full-length CV, but not CVDC, was immunoprecipitated by an anti-PsbO1 antibody ( Figure 7E ). In addition, we transiently coexpressed CV-YFP together with PsbO1-CFP in wild-type seedlings. In cells without CV-YFP, PsbO1-CFP was distributed uniformly in chloroplasts ( Figure 7F ). However, CV-YFP expression altered the localization of PsbO1 and caused the concentration of PsbO1-CFP in the CCVs (Figure 7G ). Collectively, these findings suggested that CV could disrupt the localization of PsbO1 in chloroplasts, possibly through direct protein-protein interaction.
In addition to the stroma-targeted DsRed and PSII subunit PsbO1, we also observed two more thylakoid proteins decorated with CCVs. The gene encoding the thylakoid lumen protein AtCYP20-2, an immunophilin associated with the PSI/ NDH supercomplex (Sirpiö et al., 2009) , was cloned and fused with CFP. CYP20-CFP was coexpressed transiently with CV-GFP in cotyledons, and confocal microscopy observations clearly showed their colocalization (Supplemental Figure 11A) . Also, the gene encoding the thylakoid membrane-bound FtsH protease was fused to CFP, and the AtFtsH1-CFP was coexpressed with CV-GFP. Our results showed that AtFtsH1-CFP and CV-GFP were both present in chloroplast and in CCVs released from the chloroplast (Supplemental Figure 11B) . However, the plastoglobule marker protein plastoglobulin 34, PGL34-YFP (Vidi et al., 2007) , did not overlap with CV-RFP (Supplemental Figure 11C ), suggesting that plastoglobule turnover was independent of the CV-induced degradation pathway.
DISCUSSION
CV Regulates Stress-Induced Chloroplast Degradation through a Pathway Independent of Autophagy and SAVs
Plants use different strategies to cope with environmental stress. The escape strategy involves the rapid degradation of source tissues and the accelerated development of sinks, contributing to a more rapid production of seeds for the next generation (Levitt, 1972) . Chloroplasts contain large amounts of proteins, and the rapid and massive chloroplast degradation during stress is a key process that provides nutrients for relocation to developing organs (Makino and Osmond, 1991) . In this study, we identified CV, which encodes a protein that mediates the turnover of chloroplast proteins. Our results showed not only that silencing of CV delayed the stress-induced chloroplast degradation and leaf senescence but also that CV overexpression caused chloroplast degradation and premature leaf senescence ( Figures 4B and 5B; Supplemental Figures 8A  and 9B) .
Previous studies revealed two extraplastidic proteolytic processes, autophagy Wada et al., 2009 ) and SAVs (Otegui et al., 2005; Martínez et al., 2008a; Carrión et al., 2013) , that are involved in the degradation of chloroplasts. However, little is known about the factors regulating intraplastidic chloroplast degradation. Our results revealed a proteolytic pathway that is independent of autophagy and SAVs and is mediated by the formation of CCVs. We present a model (Supplemental Figure 12) showing how CV expression can be elicited by tissue senescence or stress-induced senescence (Figures 1A and 1B) . After targeting to the chloroplast, CV induces the formation of vesicles in chloroplasts (CCVs) ( Figure  2A ) through a mechanism that is as yet unclear. The CCVs are eventually released from the chloroplast (Supplemental Figure   1C ) to the cytosol, carrying away some cargo proteins from the chloroplast ( Figure 3C ). In addition to stromal protein, CCVs were shown to contain the thylakoid membrane protein FtsH1 (Supplemental Figure 11B) , the lumenal proteins PsbO1 ( Figure  7G ) and AtCYP20-2 (Supplemental Figure 11A) , and the inner envelope membrane protein Tic20-II (Supplemental Figure 5B) .
Based on the immunolabeling results, CV proteins are primarily associated with thylakoid membranes and envelope membranes prior to the formation of CCVs ( Figure 2G ), likely via its putative transmembrane domain (Supplemental Figure 2) . Confocal microscopy observations also demonstrated the colocalization of CV and the inner envelope membrane protein Tic20-II (Supplemental Figure 5B) . Although the exact mechanism of vesicle formation remains elusive, these results, together with our observations showing that the CV-induced vesicle formation was coupled with the unstacking and swelling of the thylakoid membranes and the disassembling of the chloroplast structure ( Figures 2D and 2E) , support the notion that the CCVs form directly from the chloroplast membranes that are disrupted by CV ( Figure 2D; Supplemental Figure 4B ).
Autophagy induces the formation of RCBs by engulfing the stromules protruding from chloroplasts, and the chloroplast functions are still maintained . As compared with autophagy-dependent degradation, CV-mediated degradation appears to be more destructive. CV-mediated chloroplast damage leads to leaf senescence, as observed during DEXinduced CV overexpression (Figure 4) . Interestingly, silencing CV did not delay natural leaf senescence. A possible explanation of this phenomenon is that other pathways, such as autophagy Wada et al., 2009) , SAVs (Otegui et al., 2005; Martínez et al., 2008a; Carrión et al., 2013) , and SGR-mediated chlorophyll degradation (Park et al., 2007; Ren et al., 2007; Hörtensteiner, 2009; Sakuraba et al., 2012) , are enhanced in CVsilenced plants for destabilizing chloroplasts and accelerating senescence. The possible interactions between the processes of autophagy, SAVs, and CV-dependent degradation are unknown and require further investigation.
CV Mediates Chloroplast Destabilization and Vesiculation
Co-IP and subsequent analysis by LC-MS/MS revealed several proteins that potentially interact with CV (Supplemental Table 1 ). We confirmed that CV interacts with the PSII subunit PsbO1 in vivo by BiFC assays (Figure 7) . Another PsbO gene product, PsbO2, which shares 91% similarity with PsbO1 in amino acid sequence, was also immunoprecipitated by CV ( Supplemental  Table 1 ), suggesting the CV-PsbO2 interaction.
In addition to its role in stabilizing manganese, PsbO is thought to play a chaperone-like role in PSII assembly (Yamamoto, 2001; Yamamoto et al., 2008) . Although the functions of PsbO1 and PsbO2 are not completely redundant (Lundin et al., 2007) , RNA interference silencing of both genes (Yi et al., 2005) leads to decreased stability of PSII and the loss of some photosynthetic proteins, including CP47, CP43, D1, and the PSI core protein PsaB. By contrast, LHCII was stable in PsbO RNA interference lines (Yi et al., 2005) . In CV-overexpressing lines, D1 and PsaB were degraded, but the stability of Lhcb2 was less affected as compared with other PSII proteins ( Figure 4D ). Furthermore, CP43 and D1 were also immunoprecipitated by CV ( Supplemental Table 1 ).
Altogether, these results strongly suggested the functional interaction between CV and PsbO. CV targeted PsbO directly and might alter the structure of the PSII complex, removing PsbO ( Figure 7G ), affecting PSII stability, and making core proteins (such as D1) more susceptible to thylakoid proteases. The proteases Deg (Kapri-Pardes et al., 2007) and FstH (Lindahl et al., 2000; Zaltsman et al., 2005; Shen et al., 2007; Adam et al., 2011) have been identified to be responsible for the turnover of D1. Interestingly, both DegP1 and FstH1 appeared to interact with CV ( Supplemental Table 1 ), and FstH1-CFP colocalized with CV-GFP in vivo (Supplemental Figure 11B) . Taken together, these results suggest a mechanism by which CV might facilitate the approach of proteases to D1 protein after removing PsbO. CV-dependent removal of PsbO promotes PSII turnover and destabilizes chloroplasts.
In addition, previous in vitro studies revealed that the aggregation of D1 and other subunits, including CP43, occurred in the absence of PsbO (Henmi et al., 2003; Yamamoto et al., 2008) . Thus, CV-induced elimination of PsbO could cause the aggregation of D1 with other PSII core proteins, and this aggregation could be a signal for vesicle formation. Supporting this notion, it has been shown recently that the overexpression of Triple Gene Block3 (TGB3) of Alternanthera mosaic virus in Nicotiana benthamiana caused chloroplast vesiculation and veinal necrosis by interacting with the host PsbO (Jang et al., 2013) . CV interacts with PsbO1 via a C-terminal domain that is highly conserved in the plant kingdom (Supplemental Figure 2) . The conserved domain appeared to be important for vesicle formation and chloroplast degradation ( Figure 6 ). However, deletion of this conserved domain did not completely eliminate chloroplast function ( Figure 6) . Several chloroplast proteins, in addition to PsbO, were also immunoprecipitated by CV, suggesting that PsbO1 may not be the only protein targeted by CV during the process of chloroplast degradation.
Stress Tolerance Is Increased by Stabilization of the Chloroplasts
Abiotic stress limits plant growth and productivity by disrupting photosynthesis and inducing senescence. Emerging evidence suggests that chloroplast stability plays a significant role in the tolerance of plants to abiotic stress. Senescence and stressinduced synthesis of cytokinin synthesis delay the degradation of photosynthetic complexes in transgenic plants expressing P SARK -IPT, which displayed enhanced drought tolerance (Rivero et al., 2010) . In addition, a wheat (Triticum aestivum) stay-green mutant (tasg1) displays delayed chlorophyll turnover and improved tolerance to drought because of the enhanced stability of thylakoid membranes (Tian et al., 2013) . The stable chloroplasts also could contribute to maintain photorespiration, which has been shown to increase tolerance to abiotic stress by protecting the photosynthetic apparatus from oxidative damage and optimizing photosynthesis (Rivero et al., 2009; Voss et al., 2013) . Here, we showed that silencing of CV increased chloroplast stability and prevented premature senescence under salt, oxidative, and drought stress (Figure 5; Supplemental Figures 9B and 10) . Our results indicate that CV may act as a scaffold targeting PSII proteins directly. Thus, silencing CV may protect PSII functions, increasing plant tolerance to abiotic stress. Moreover, CV-silenced plants displayed increased GS2 stability ( Figure 5D ). GS2 is a major enzyme for nitrogen assimilation, and GS2 overexpression leads to increased salt stress tolerance in rice (Hoshida et al., 2000) .
In conclusion, our results provide evidence supporting a pathway for the degradation of thylakoid and stromal proteins that is independent of autophagy and SAVs (Otegui et al., 2005; Martínez et al., 2008a; Carrión et al., 2013) . Whereas autophagy is responsible for general cellular degradation, CV appears to be unique and specific for chloroplast degradation. From a biotechnological perspective, silencing of CV offers a suitable strategy for the generation of transgenic crops with increased tolerance to abiotic stress.
METHODS
Plant Materials and Growth Conditions
Arabidopsis thaliana (Col-0) plants were grown in a growth chamber at 23°C under 100 mmol m 22 s 21 light in a 16-h-light/8-h-dark regime. MS/2 medium (0.5% sucrose, pH 5.7) was used for plate-grown plants. Transgenic Arabidopsis plants expressing stroma-targeted DsRed (CT-DsRed) were generated as described previously . The generation of transgenic plant GFP-ATG8a (Thompson et al., 2005) , the autophagy-defective mutant atg5-1 , the vacuole marker line VAMP711-RFP (Uemura et al., 2004) , and the plastoglobule marker line PGL34-YFP (Vidi et al., 2007) was performed as described previously.
All the constructs in this study were generated using the Gateway system (Invitrogen). The cDNA of AtCV (At2G25625) was amplified from mature leaf cDNA of Col-0. The 39 terminus of the AtCV gene was fused with GFP by fusion PCR, and a linker (GGAAGGAA) was introduced between AtCV and GFP. The single AtCV gene and the fusion fragment (CV-linker-GFP) were both cloned into pDONR207 by BP reaction. pDONR207-CV was recombined via LR reaction into the following destination vectors: pEarley-Gate 101 (Earley et al., 2006) for YFP fusion (CV-YFP), pB7RWG2 (https://gateway.psb.ugent.be/search) for RFP fusion (CV-RFP), and a chemical-inducible system, pBAV154 (Vinatzer et al., 2006) , for stable transformation (DEX-CV-HA). The pDONR207-AtCV-linker-GFP was recombined into pEarley-Gate 100 for transient expression (CV-GFP) and into pBAV154 for chemically-induced stable transformation (DEX-AtCV-GFP). An artificial microRNA (TTACAC-GTAATGAACTTCCAG) targeting AtCV (amiR-CV) was designed with WMD3 (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) and cloned (Schwab et al., 2006) into pEarley-Gate 100 for stable transformation. Using the same strategy, the genes of AtPsbO1 (At5G66570), AtCYP20-2 (At5G13120), and FtsH1 (At1G50250) were fused with CFP first and then recombined into pEarley-Gate 100 to obtain constructs PsbO1-CFP, CYP20-2-CFP, and FtsH1-CFP, respectively. Deletion mutagenesis to remove either the chloroplast transit signal peptide (M1-L22) or the C-terminal conserved domain (R92-V152) was performed by PCR, and the mutated fragments were fused with GFP and recombined into pEarley-Gate 100 to generate constructs CVDN-GFP and CVDC-GFP, respectively. Transient expression was performed in cotyledons of Col-0 young seedlings as described previously (Marion et al., 2008) . Stable transformation was performed according to the floral dipping method (Clough and Bent, 1998) . A list of primers is included in Supplemental  Table 2 .
RNA Extraction and Quantitative RT-PCR
To assess senescence-induced CV expression, total RNA was extracted from cassette leaf 7 of Col-0 plants growing in soil under 16 h of light and 8 h of dark. For testing abiotic stress-induced CV expression, total RNA was extracted from all the leaves of 10-d-old seedlings growing without (control) or with 100 mM NaCl or 2 mM MV for 2 d. For assessing artificial microRNA silencing of CV, cassette leaf 7 from 30-d-old plants of Col-0 and amiR-CV lines was used for total RNA extraction. Total RNA was extracted by using the RNeasy Mini Kit (Qiagen) with three biological replicates. First-strand cDNA was synthesized from 1 mg of total RNA with the QuantiTech reverse transcription kit (Qiagen). Quantitative PCR was performed on the StepOnePlus (Applied Biosystems) using SYBR Green (Bio-Rad). The 2 2DDCT method (Livak and Schmittgen, 2001 ) was used to normalize and determine the mRNA level relative to an internal reference gene, TIP41-like family protein. All the primers are included in Supplemental Table 2 .
Fluorescence and Confocal Microscopy
Fluorescence microscopy was performed using an inverted Zeiss LSM 710 confocal laser scanning microscope (Carl Zeiss) equipped with a 403 water-immersion objective. The excitation wavelength/emission were as follows for GFP (488 nm/500 to 530 nm), CFP (440 nm/460 to 490 nm), YFP (514 nm/525 to 552 nm), DsRed (543 nm/575 to 625 nm), Lyso-Tracker Red (561 nm/570 to 600 nm), RFP (561 nm/600 to 660 nm), and chlorophyll (633 nm/650 to 720 nm). To avoid overlap between the fluorescence channels, sequential scanning was used when necessary. Images were processed by ImageJ (http://rsbweb.nih.gov/ij/) and assembled by Photoshop software (Adobe).
Immunolabeling Transmission Electron Microscopy
Ten-day-old seedlings of DEX-CV-GFP transgenic plants and Col-0 were cultured in liquid MS/2 medium containing 10 mM DEX for 20 h. The cotyledons were observed by confocal microscopy, and the tissues with high expression of CV-GFP were fixed in paraformaldehyde (2%) and glutaraldehyde (2.5%) as described previously (Shipman and Inoue, 2009) . Immunolabeling was performed on ultrathin sections on formvarcoated grids using an anti-GFP antibody (Novus Biologicals) and a goat anti-rabbit secondary antibody conjugated with 10-nm gold particles (British BioCell International). All the grids were stained with uranyl acetate and lead citrate before being observed on a Phillips CM120 Biotwin. Images were taken with a Gatan MegaScan digital camera (model 794/ 20). For the double immunolabeling experiments, leaf sections from the transgenic line DEX-CV-HA (DEX-3) were immunoblotted with anti-HA antibody (from mouse) and anti-PsbO antibody (from rabbit), then treated subsequently with 5-nm gold-conjugated goat anti-mouse IgG and 20-nm gold-conjugated goat anti-rabbit IgG for 1 h. The grids were stained with uranyl acetate and lead citrate for observation.
Immunoblot Analyses
Plant leaf tissues were weighed, frozen in liquid N 2 , and ground in three volumes of 23 Laemmli sample buffer. Total proteins were separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane (Bio-Rad), and probed as described previously (Wang et al., 2011) . Monoclonal antibodies raised against the HA tag were purchased from Covance (MMS-101P). Antibodies raised against PsbO (AS05092), SPS (AS03035A), PsaB (AS06166A), PsbA/D1 (AS01016), GS1/GS2 or GLN1/GLN2 (AS08295), and Lhcb2 (AS01003) were obtained from Agrisera. Horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology.
Immunoprecipitation and LC-MS/MS
Four-day-old seedlings of Col-0 and transgenic DEX-CV-HA-3 plants (DEX-3) were cultured in MS/2 medium containing 10 mM DEX for 4 d and then kept in the dark for an additional 2 d. The shoots of plants were harvested, ground in liquid N 2 , and incubated at 4°C for 3 h with lysis buffer provided in the mMACS HA Isolation Kit (Miltenyl Biotec), containing Protease Inhibitor Cocktail (Sigma-Aldrich). Co-IP was performed using anti-HA magnetic beads from the mMACS HA Isolation Kit (Miltenyl Biotec) and incubating the cell lysis with beads at 4°C for 2 h. LC-MS/MS analysis was performed at the Genome Center of the University of California-Davis, as described previously (Shipman-Roston et al., 2010) . Scaffold (version Scaffold 3; www.proteomesoftware.com) was used to validate tandem mass spectrometry-based peptide and protein identification. Peptide identifications were accepted if they could be established at >80.0% probability. Protein identifications were accepted if they could be established at >95.0% probability and contained at least three identified peptides.
For immunoprecipitation of the PsbO protein, seedlings of Col-0, transgenic plant DEX-AtCV-HA-3, and DEX-AtCVDC-HA were treated with DEX by the above-mentioned procedures. Cell lysates were incubated with an anti-PsbO antibody coupled to magnetic Dynabeads Protein A (Life Technologies) for 2 h at 4°C. Immunoprecipitated samples were checked by immunoblotting with anti-PsbO and anti-HA antibody, respectively.
BiFC
The four vectors pDEST-GW VYNE, pDEST-VYNE(R) GW , pDEST-GW SCYCE, and pDEST-SCYCE(R) GW from the Gateway-based BiFC vector systems (Gehl et al., 2009 ) were employed to fuse AtCV, PsbO1, and SGR1 (At4G22920) with the N terminus of yellow fluorescent protein Venus (Venus N ) or the C terminus of super cyan fluorescent protein (SCFP C ) to obtain the constructs AtCV-SCFP C , Venus N -AtCV, PsbO1-Venus N , SCFP C -PsbO1, SGR1-Venus N , and AtCVDC-SCFP C . All the constructs were introduced into Agrobacterium tumefaciens GV3101. Transient expression was performed in cotyledons of Col-0 young seedlings as described previously (Marion et al., 2008) .
GUS Staining and Chlorophyll Measurement
For GUS staining, whole seedlings were submerged in standard X-GlcA solution (50 mM sodium phosphate buffer, pH 7.0, 10 mM EDTA, 0.1% Triton X-100, and 0.5 mg/mL X-GlcA) and vacuum infiltrated for 5 min followed by incubation at 37°C for 16 h to develop blue color as described previously (Jefferson et al., 1987) .
For chlorophyll measurements, the leaves were weighed and ground in liquid N 2 . Chlorophyll was extracted in 80% acetone, and the absorbance at 663 and 645 nm was measured using spectrophotometry (DU-640; Beckman Coulter). Total chlorophyll contents were calculated as described elsewhere (Porra, 2002) .
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL database or the Arabidopsis Genome Initiative database under the following accession numbers: AtCV (AT2G25625), VAMP711 (AT4G32150), PsaB (ATCG00340), Lhcb2 (AT2G05070), PsbA/D1 (ATCG00020), PsbO1 (AT5G66570), PsbO2 (AT3G50820), GS1/GLN1 (AT5G37600), GS2/ GLN2 (AT5G35630), SGR1/NYE1 (AT4G22920), CYP20-2 (AT5G13120), FtsH1 (AT1G50250), and Tic20-II (AT2G47840).
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